The oils in the Rewapu Block of the Halahatang Oilfield in the Tarim Basin (northwestern China) were geochemically analyzed by gas chromatography-mass spectrometry to investigate their origin and possible secondary alteration. The physical properties and chemical compositions of these Ordovician oils vary greatly, ranging from light to extremely heavy oils. All these oils belong to one single population and were derived from same source kitchen/bed. The differences in their chemical compositions and physical properties mainly result from secondary alteration of oils that were charged during the early phase of trap formation. The thickness of Upper Ordovician and Silurian caprocks of oil reservoirs in the Rewapu Block is higher than that in the north part of the Halahatang region, and therefore, significant biodegradation process is prevented. Compared to heavy oils in the north part, the Rewapu oils are dominated by light oils with no 25-norhopanes and no GC-MS ''hump'' (UCM: unresolved complex mixture) on the chromatographic baselines. The heavy oils in Wells RP7 and RP101C were primarily influenced by water washing since apparent reduction of alkylated dibenzothiophenes was observed. The local geological background favored the water washing alteration. The reservoir geochemical study has practical application in hydrocarbon exploration and predicts the nature of oils in this oilfield.
Introduction
The physical and chemical properties of in situ reservoir oils are primarily controlled by the nature/type, depositional environment/organic facies and the thermal maturation levels of organic matter in source rocks (Hunt 1979; Tissot and Welte 1984; Peters et al. 2005) . In addition, the oil migration process, charging history and secondary alteration in reservoir and post-accumulation are also important factors modifying the nature and compositions of oils in the reservoirs (Connan 1984; Volkman et al. 1984; England et al. 1987; Peters and Moldowan 1993; Cubitt and England 1995) . For oils derived from the same oil source kitchen/bed, the variations in physical properties and chemical compositions are mainly determined by oil migration processes, oil charging histories and secondary alteration.
Halahatang Oilfield, located in the Tabei Uplift, is one of the most prolific oilfields of the Paleozoic carbonate reservoirs in the cratonic region of the Tarim Basin, northwestern China (Zhu et al. 2012; Chang et al. 2013a, b; Zhao et al. 2015; Huang et al. 2016; Liu et al. 2016; Xiao et al. 2016; Fang et al. 2017a; Li et al. 2018) . Petroleum with different densities, including ultra-heavy oils, heavy oils, normal oils, light oils and condensates, has been discovered in this region during recent oil exploration (Zhu et al. 2012; Chang et al. 2013a; Cui et al. 2013; Xiao et al. 2016; Li et al. 2018 The origin of Paleozoic petroleum in the cratonic region of the Tarim Basin has long been a controversial issue. In light of the sulfur and carbon isotope compositions, the occurrence of aryl isoprenoids and characteristics of biomarkers, Ma et al. (2003) , Sun et al. (2003) and Cai et al. (2015 Cai et al. ( , 2016 proposed that most of the oils in the Tazhong Uplift, Well YM2 in the Yingmaili area and Well TD2 in the eastern Tarim Basin were probably derived from Cambrian source rocks. However, previous studies show that the oils in the Halahatang area and Tabei Uplift were mainly derived from Middle-Upper Ordovician source rocks (e.g., Zhang et al. 2002; Zhang and Huang 2005; Jing 2006; Mi et al. 2007; Wang et al. 2008; Li et al. 2010; Chang et al. 2013a ). The argument may continue, but it has been widely accepted that two types of petroleum resources that were derived from Cambrian-Lower Ordovician and Middle-Upper Ordovician occur in the cratonic region of the Tarim Basin (e.g., Zhang et al. 2002; Zhang and Huang 2005; Li et al. 2012) .
The results of oil family classification indicated that most of the oils in the Paleozoic reservoirs in the Halahatang region are genetically identical and should be grouped as one single oil family (Zhang et al. 2000; Zhang and Huang 2005; Chang et al. 2013a; Xiao et al. 2016; Li et al. 2018) . The oil migration orientation and filling pathway traced by various molecular geochemical indicators show that oils mainly migrated from south to north and the predicted source kitchen is located in the Manxi Low Uplift (Chang et al. 2013b; Xiao et al. 2016; Li et al. 2018) . Combining with the homogenization temperature of fluid inclusions and reconstructed burial and geothermal histories, previous studies show that the Ordovician carbonate reservoirs have experienced two major oil charging events. These two phases of oil charging and entrapment timing are the Middle to Late Silurian and the Miocene to Pliocene, respectively (Chang et al. 2013b; Xiao et al. 2016; Li et al. 2018) .
Moreover, most of the Ordovician carbonate oils in the Tabei Uplift of the Tarim Basin show both intact n-alkane series and an evident GC-MS ''hump'' (UCM: unresolved complex mixture) with 25-norhopane series compounds Chang et al. 2013a) . The coexistence of n-alkanes and UCM/25-norhopanes indicates that there are at least two oil filling events for Ordovician reservoirs in the Tabei Uplift. The early charged oils must have been severely biodegraded within a reservoir and then were mixed with later charged undegraded oils in the same reservoir . Similar phenomena have also been reported in other studies (Volkman et al. 1983; Alexander et al. 1983; Philp 1983; Sofer et al. 1986; Talukdar et al. 1988; Waples and Machihara 1991; Cai et al. 2017) .
Biodegradation is a well-documented process that modifies the physical properties and chemical compositions of reservoir oils (Huang et al. 2003) . Much work has been done on the formation of heavy oil and solid bitumen via biodegradation in the Tarim Basin (Tian et al. 2008; Chang et al. 2012; Zhu et al. 2012; Zhang et al. 2014; Cheng et al. 2016 ). Recent research also shows that the physical properties and chemical compositions of oils in this region are jointly controlled by the development of caprocks, the extent of mixing of biodegraded and unbiodegraded oils, and the most recent preservation conditions (Li et al. 2018) .
While previous studies are mainly focused on the oil family classification, oil migration orientation, filling pathway, timing and episodes of oil entrapment in the entire Halahatang Oilfield, little work has been done on the water washing process, which is another principal process that changes the chemical compositions of reservoir oils. Both geochemical discoveries and laboratory experiments suggested that one of the main chemical effects of water washing is the removal of the more water-soluble components of petroleum, especially low molecular weight (LMW) aromatic compounds (Palmer 1984; Lafargue and Barker 1988; Kuo 1994; Lafargue and Le Thiez 1996; Hemptinne et al. 2001) . Terpane and sterane biomarkers are little affected by water washing (Palmer 1984) . The effect of water washing can be readily illustrated by laboratory experiments. However, it is a little difficult to assess the extent of water washing for natural oils because it is often associated with biodegradation (Huang et al. 2003) .
This study conducts comprehensive organic geochemical investigation into the chemical compositions of oils in the Rewapu Block and attempts to get an insight into the differences in physical properties and compositions of molecular biomarkers in these oils. Combing the regional oil charging history of the Halahatang Oilfield and the local geological background, this paper investigated the effects of biodegradation, water washing, the thickness of caprocks and oil charging history on the changes of chemical compositions of reservoir oils. The results may have practical use for oil exploration and development in this region and can also provide an example for the study of reservoir geochemistry in other blocks.
Samples and geological settings
A total of 23 oil samples were collected from the Rewapu Block of the Halahatang Oilfield in the Tabei Uplift of the Tarim Basin. Four heavy oils from the Ha6 Block in the northern part of the Halahatang region were also analyzed for comparison (Table 1 ). All oils are produced from the Ordovician carbonate reservoirs. These oils cover a wide spectrum of densities, ranging from light oils to ultra-heavy oils (Table 1) . Numerous studies by previous authors have summarized the geological background for the Paleozoic carbonate petroleum reservoirs in the Tabei Uplift (Zhang et al. 2002; Zhang and Huang 2005; Wang et al. 2008; Li et al. 2011; Zhu et al. 2012; Zhao et al. 2015) . The Tabei Uplift is one of the main structural belts and the main part of the cratonic region of the Tarim Basin (Fig. 1) (Zhu et al. 2012) . 
Experimental
A total of 27 oil samples were collected from the carbonate reservoir of the O 3 l, O 2 y and O 1-2 y formations. Following the conventional geochemical analysis procedure, all oils were separated into saturated, aromatic, asphaltenes and NSO fractions (Fang et al. 2017a ). The saturated and aromatic fractions were further geochemically analyzed by gas chromatography-mass spectrometry (GC-MS), which was performed on an Agilent 5895i GC-MS system equipped with an HP-5MS (5% phenyl methylpolysiloxane) fused silica capillary column. For the saturated fractions, the GC-MS system was used under the following conditions: (1) The initial GC oven temperature was set at 50°C for 1 min, then ramped to 120°C at a rate of 20°C/min, subsequently to 310°C at 3°C/min and finally kept isothermal for 25 min. For the aromatic fractions, the GC oven temperature was initially set at 50°C for 1 min, then gradually increased to 310°C at a rate of 3°C/min and finally held isothermally for 16 min. Helium was utilized as the carrier gas. The MS was operated in electron impact (EI) mode with an ionization energy of 70 eV and a scanning range of 50-600 Da.
Results and discussion

Physical properties and bulk compositions
The physical properties of the Rewapu oils cover a wide spectrum of density, ranging from 0.79 g/cm 3 to approximately 1.00 g/cm 3 . Most of the oils in the northern part of the Halahatang Block (Ha6 Block), e.g., oils from Wells Ha7, Ha7-1, Ha7-7 and Ha9-6 in this study, are heavy to ultra-heavy oils. Most of the oils in the Rewapu Block (south-central part of the Halahatang region) are light oils with density generally lower than 0.82 g/cm 3 . Of particular interest are oils from Wells RP7 and RP101C; these oils have extremely high density ([ 1.00 g/cm 3 ), which are apparently different from those in adjacent wells, making Well RP7 and Well RP101C oils unique. In particular, Well RP7C, which is the sidetracking well of RP7 and located in the same site, produced light oils (Table 1) .
The bulk group compositions of oils also show large variation, especially for the saturated fraction (Table 1) . Most of the light oils in the Rewapu Block have high contents of saturated hydrocarbons, generally from 60% to 80% (Table 1) . However, three heavy oils from Wells RP101C and RP7 have quite low saturated hydrocarbon contents, with 49.0% for Well RP101C and 33.5%-36.4% for Well RP7. Heavy oils from Wells Ha7, Ha7-1, Ha7-7 and Ha9-6 in the Ha6 Block have also relatively low contents of saturated hydrocarbons.
The saturated/aromatic hydrocarbon ratios are primarily controlled by maturity and secondary alteration. Most oils from the Rewapu Block have relatively higher ratios (3.5-6.0). Three heavy oil samples from Wells RP101C and RP7 have quite lower saturated/aromatic hydrocarbon ratios (\ 2.0). The heavy oils from Wells Ha7, Ha7-1, Ha7-7 and Ha9-6 have relatively lower ratios. Particularly, the Well Ha7 heavy oil has extremely low value (0.7). Since all oils were sampled at the same time and were analyzed by the same experimental procedures, the effects of evaporation and laboratory analysis can be ruled out. Therefore, the apparent difference in oil bulk compositions within these samples indicates different origins and/or different exposures to secondary alteration processes after the oil generation and expulsion.
Oil-oil correlation
Although oils in the Halahatang Oilfield have experienced multiple oil charging processes and complex secondary alteration, some molecular markers that are resistant to secondary alteration and independent of migration and thermal maturity can still be used for oil-oil correlation. All oils analyzed in the Rewapu Block are characterized by low Pr/Ph ratios (relative abundances of pristane to phytane) (Fig. 2) , higher relative contents of dibenzothiophenes (Table 1) , lower ratios of C 21 /C 23 tricyclic terpanes (Fig. 3) and relatively lower C 28 regular steranes (Fig. 4) .
The biomarker compositions of all these oils are similar to those of oils from other wells in the Halahatang Oilfield (Xiao et al. 2016; Fang et al. 2016) . Therefore, oils in the Rewapu Block are genetically identical and were derived from the same source kitchen. Previous studies (Chang et al. 2013a ) indicated that Paleozoic oils in the Halahatang Oilfield geochemically correlate well with Middle-Upper Ordovician source rocks. They have experienced similar oil charging events Chang et al. 2013b; Xiao et al. 2016 ). The differences in biomarker compositions of oils are mainly controlled by the differences in oil accumulation conditions and secondary alteration.
Oil charging processes
The overall oil migration orientation and filling pathway of the entire Halahatang Oilfield are generally from south to north (Xiao et al. 2016; Fang et al. 2017a; Li et al. 2018) . Some molecular geochemical indictors for oils in the Rewapu Block have been reported by Xiao et al. (2016) and Li et al. (2018) . The MDR (methyldibenzothiophene ratio: the relative abundance of 4-methyldibenzothiophene to 1-methyldibenzothiophene), TMNr (trimethylnaphthalene ratio) and other parameters all show a decreasing trend from south to north. Therefore, the predicted source kitchen/bed should be in the southern part of the Halahatang region.
By combining homogenization temperatures of fluid inclusions in reservoir rocks and reconstructed stratigraphic burial and geothermal histories, Ni et al. (2016) and Xiao et al. (2016) determined the timing and episodes of oil charging in the Rewapu Block. These studies suggested that the discovered Paleozoic carbonate oils in the Rewapu Block have undergone two petroleum filling events: The former charging event occurred in the Middle to Late Silurian and the latter one in the Miocene to Pliocene. The oil filling history is generally consistent with those in other blocks in the Halahatang Oilfield (Chang et al. 2013b; Li et al. 2018) and Ordovician carbonate reservoirs in other oilfields of the Tabei Uplift Liao et al. 2010 ).
Oil accumulation conditions
The oils charged in the latter episode occurring in the Miocene to Pliocene were dominated by light oils with relatively higher maturity (Li et al. 2018 ). The reservoirs usually have thick seal rocks and good preservation conditions. Therefore, the physical properties and chemical compositions of mixed oils are mainly controlled by the preservation conditions for reservoir oils from the early charging phase.
The early phase of Ordovician petroleum charging was determined to * 419-410 Ma (Xiao et al. 2016 ) associated with rapid subsidence of thick Silurian Formations. The Silurian Formations deposited widely after the wide erosion of the Upper Ordovician and mainly consist of fine clastics deposited in a shallow littoral and tidal flat environment in the Tabei Uplift. The maximum thickness can reach 3600 m in the Manjiaer Depression (Zhu et al. 2001 ). However, the present Silurian stratum is missing in most of the sections in the Tabei Uplift due to severe erosion caused by lifting in the late stage of Silurian and Early Devonian (Li et al. 2010) . Therefore, the thickness of residual Silurian plus Upper Ordovician overlying the Lower-Middle Ordovician carbonate reservoir is a critical factor controlling the preservation conditions for reservoir oils from the early charging phase.
A recent study shows that the thickness of Upper Ordovician and Silurian strata is generally lower than 600 m in the northern part of the Halahatang (the most part of the Ha6 Block) (Ni et al. 2016) , and the oils in this region are characterized by heavy oil, with an apparent ''hump'' on the baseline of gas chromatograms of saturated hydrocarbons and the presence of 25-norhopanes (Li et al. 2018) . Apparently, oils charged in this region during the early phase were subjected to severe biodegradation.
It is generally believed that biodegradation levels generally decrease with increasing reservoir temperature and it Petroleum Science (2019) 16:1-13 5 ceases at about 75-80°C (Connan 1984; Palmer 1984) . It is also commonly accepted that the Tarim Basin is a ''cool basin'' with the present-day geothermal gradient of approximately 2.0°C/100 m (Li et al. 2005 (Li et al. , 2010 . However, the geothermal gradient could have reached 3.2-3.5°C/100 m during the Sinian to Early Paleozoic. The surface temperature is estimated at 20-25°C in the Late Ordovician (Li et al. 2010) . Therefore, the temperature is lower than approximately 45°C at depths shallower than 600 m. Significant biodegradation can considerably modify the physical properties and chemical compositions of reservoir oils filled during the early charging event. Most of the oils in the Rewapu Block are light oils with no apparent ''hump'' on the baseline of the gas chromatograms of their saturated hydrocarbons (Fig. 2) , and no 25-norhopanes were detected. The thickness of Upper Ordovician and Silurian caprocks in the Rewapu Block is more than 800 m and generally increases from north to south. For example, the thickness of the residual Upper Ordovician plus Silurian is 867 m for Well RP7 and is greater than 1700 m in the YM Block (Li et al. 2018) . The oils in the southern part of the Halahatang region are dominated by light oils. Therefore, we can infer that the oils with Upper Ordovician plus Silurian caprocks thicker than c.a. 800 m have not been subjected to significant biodegradation.
The extent of biodegradation and water washing
It is difficult to evaluate the extent of biodegradation or water washing since the oils present in Ordovician reservoirs are mixtures of oils filled by two distinct charging events. Some commonly used molecular ratios indicating the degree of biodegradation, e.g., Pr/nC 17 (the relative abundances of pristane to normal C 17 alkane) and Ph/nC 18 (the relative abundance of phytane to normal C 18 alkane), cannot be applied to assess the degree of biodegradation or other in situ reservoir alterations.
In the northern part of the Halahatang region (Ha6 Block), the heavy oils contain both a full range of nalkanes (indicating no biodegradation) and 25-norhopane series/baseline ''hump'' in gas chromatograms of saturated hydrocarbons (Chang et al. 2012; Li et al. 2018) , indicating the severely biodegraded oils were mixed with undegraded petroleum. The 25-norhopanes (also called 10-demethyl hopanes or demethylated hopanes) are C 26 -C 34 compounds which have similar chemical structure to those of regular hopanes, except for the absence of the methyl group at the A/B ring junction (Peters et al. 2005) . Figure 5d shows the distribution of hopanes (m/z 191) and 25-norhopanes (m/z 177) for heavy oils of representative Well Ha7-16 in the Ha6 Block. All 25-norhopane series, including C 29 25-nor17a(H),21b(H)-hopane (corresponding to C 30 17a(H),21b(H)-hopane) and each pair of C 30 -C 34 25-norhopane (22S ? 22R) epimers (corresponding to C 31 -C 35 17a(H),21b(H)-hopane), have been detected. It is generally believed that a high abundance of 25-norhopanes is evidence for severe biodegradation [C rank 6 on the scale of biodegradation proposed by Peters et al. (2005) ]. The relative abundance of 25-norhopanes to hopanes can be used to assess the extent of biodegradation among severely biodegraded oils (rank 6-9) (Peters et al. 2005) . Due to the mixture of un-biodegraded oils with severely biodegraded oils, this ratio cannot be used to accurately evaluate the extent of biodegradation. However, it is certain that the heavy oils in the northern part of the Halahatang region have undergone severe biodegradation. Although the occurrence of hopane degradation with no 25-norhopanes was reported in many cases (Seifert and Moldowan 1979; Goodwin et al. 1983; Connan 1984; Moldowan et al. 1991) , most of the oils in the Rewapu Block apparently did not experience significant biodegradation (Fig. 5a ), because most of these oils are light oils with no ''hump'' on the baseline of the gas chromatograms (Fig. 2) .
Exceptionally, three oils from Wells RP7 and RP101C in the Rewapu Block have different physical properties and organic geochemical characteristics. They are heavy oils with an apparent ''hump'' on the baseline of gas chromatograms (Fig. 2) . However, no 25-norhopanes were detected in these oils. Previous studies (Xiao et al. 2016; Li et al. 2018) showed that these wells have similar petroleum charging histories to other oil reservoirs in this area (e.g., RP3-1; Ni et al. 2016) . Therefore, the local petroleum accumulation conditions exerted a significant impact on the chemical compositions and physical properties of oils.
Experimental data by Palmer (1984) suggest that the sulfur-bearing compounds are approximately twice as soluble in water as aromatic hydrocarbons of similar molecular weight. These heterocyclic compounds are resistant to biodegradation and therefore tend to be more concentrated in biodegraded oils. Dibenzothiophene (DBT) and its alkylated homologues are the most important organosulfur compounds in oils and source rock extracts, and these can be detected by routine GC-MS analysis of aromatic fractions. The distribution of alkylated DBTs is influenced by organic facies (Hughes 1984; Hughes et al. 1995; Radke et al. 2000; Li et al. 2013 ) and thermal maturity of organic matter (Radke et al. 1986; Radke 1988; Budzinski et al. 1993; Chakhmakhchev et al. 1997; Li et al. 2014b) . As demonstrated by previous studies, the relative abundances of methylated DBT isomers and the absolute concentrations in oils are also relative to migration distance. Therefore, the ratios of methylated DBT isomers and concentrations of total DBTs for oils derived from same source bed/kitchen can be applied to trace oil migration direction and charging pathway (Wang et al. 2004; Li et al. 2008 Li et al. , 2014a Fang et al. 2016 Fang et al. , 2017a . Except for one case study in a Tertiary sandstone reservoir in the Beibuwan Basin, South China Sea, we also found that the absolute concentration of DBTs was not an effective indicator for tracing oil migration orientation in Tarim Paleozoic carbonate reservoirs (Li et al., unpublished data) . The water washing alteration by the interaction between oil and formation water in karst reservoirs is likely to be the principle reason.
Water washing results in a significant reduction in the concentration of polycyclic aromatic hydrocarbons, such as C 0 -C 3 phenanthrenes and C 0 -C 2 fluorenes, in Well RP7 heavy oil. This is lower than those from the light oils from Well RP7C and adjacent Wells RP13 and RP13C (Fig. 6) . The migration fractionation and variations in maturity and depositional environment are minor for oils from wells located within a distance of less than 2 km (refer to Xiao et al. 2016) . Therefore, water washing may be the principle type of secondary alteration leading to the depletion of C 0 -C 3 phenanthrenes and C 0 -C 2 fluorenes. The heavy oil in Well RP101C also shows relatively lower C 0 -C 3 phenanthrenes and C 0 -C 2 fluorenes concentrations compared to oils from neighboring Wells RP11, RP1101 and RP1-2. The absolute concentrations for alkylated dibenzothiophenes (DBTs) further demonstrated the effect of water washing (Table 1, Fig. 6 ). Oils from Wells RP7 and RP101C also have relatively lower concentration of DBTs relative to neighboring wells.
Since biodegradation is commonly associated with water washing, the biodegradation for oils in Wells RP7 and RP101C cannot be exclusively ruled out due to the UCM chromatographic baseline. However, the influence of biodegradation might be only slight to moderate due to lack of 25-norhopanes.
Wells RP7 and RP101C present certain conditions favorable for water washing. Figures 7 and 8 illustrate the cross sections showing the geological background of reservoirs in Wells RP7 and RP101C and adjacent wells. It shows that the oil reservoirs of Wells RP7 and RP101C contact formation waters. On the contrary, no such formation water occurs for the oil reservoir of Well RP7C, which is a sidetracking well of RP7 and located in the same site (Fig. 7) . Therefore, the oil from Well RP7C is light oil with a relatively higher concentration of DBTs. This suggests that the contact with local formation water in the reservoir may modify the physical properties and chemical compositions of oil in the Rewapu Block. 
Conclusions
The detailed geochemical characteristics of a suite of 27 oil samples from the Rewapu Block of the Halahatang Oilfield in the Tabei Uplift of the Tarim Basin (NW China) were studied to evaluate their origin and secondary alteration processes. These oils together with other oils in the Ordovician carbonate reservoirs of the Halahatang region were generated from the same source kitchen and have experienced similar oil charging processes. Most of the oils in the Rewapu Block are light and normal oils, which are distinctly different from those heavy oils in the northern part of the Halahatang region. Significant biodegradation can be eliminated due to lack of 25-norhopanes and the absence of a ''hump'' on the baseline of chromatograms. Exceptions are extremely heavy oils in Wells RP7 and RP101C. These oils have an apparent chromatographic baseline ''hump,'' but no 25-norhopanes. The alkylated dibenzothiophenes were apparently reduced. Therefore, biodegradation was not severe and water washing appears to be the principal factor causing the origin of heavy oils in Wells RP7 and RP101C. The local geological background presents conditions that are favorable for water washing alteration in these wells. 
